We present harmonic transverse voltage measurements of current-induced thermoelectric and spin-orbit torque (SOT) effects in ferromagnet/normal metal bilayers, in which thermal gradients produced by Joule heating and SOT coexist and give rise to ac transverse signals with comparable symmetry and magnitude. Based on the symmetry and field-dependence of the transverse resistance, we develop a consistent method to separate thermoelectric and SOT measurements. By addressing first ferromagnet/light metal bilayers with negligible spin-orbit coupling, we show that in-plane current injection induces a vertical thermal gradient whose sign and magnitude are determined by the resistivity difference and stacking order of the magnetic and nonmagnetic layers.
addressing first ferromagnet/light metal bilayers with negligible spin-orbit coupling, we show that in-plane current injection induces a vertical thermal gradient whose sign and magnitude are determined by the resistivity difference and stacking order of the magnetic and nonmagnetic layers.
We then study ferromagnet/heavy metal bilayers with strong spin-orbit coupling, showing that second harmonic thermoelectric contributions to the transverse voltage may lead to a significant overestimation of the antidamping SOT. We find that thermoelectric effects are very strong in Ta(6nm)/Co(2.5nm) and negligible in Pt(6nm)/Co(2.5nm) bilayers. After including these effects in the analysis of the transverse voltage, we find that the antidamping SOTs in these bilayers, after normalization to the magnetization volume, are comparable to those found in thinner Co layers with perpendicular magnetization, whereas the field-like SOTs are about an order of magnitude smaller. 
I. INTRODUCTION
Ferromagnet/normal metal (FM/NM) heterostructures host a variety of magnetotransport phenomena that arise from the correlation of electrical, magnetic, and thermal effects.
It has been recently shown that an electric current flowing in the plane of a FM/NM bilayer with large spin-orbit coupling generates spin torques that are strong enough to switch the magnetization of the FM.
1-5 These so-called spin-orbit torques (SOTs) have attracted considerable interest as a means to control the magnetic state of spintronic devices 2,3,6,7 and motivated extensive investigations into their origin (spin Hall and/or Rashba effect) and dependence on material properties. 4, 5, [8] [9] [10] [11] [12] In these systems, the coupling of charge, heat, and spin currents additionally gives rise to thermoelectric and thermomagnetic phenomena, such as the anomalous Nernst (ANE) and spin Seebeck (SSE) effects. 13 Both the ANE and SSE have drawn recent attention as they generally coexist and are amplified in strongly spin-orbit coupled FM/NM bilayers. [14] [15] [16] [17] [18] NM with large spin-orbit coupling (e.g., Pt) are also commonly used to convert spin into charge currents via the inverse spin Hall effect, since pure spin currents are not directly accessible with electrical measurements.
14,19
Because of the strong spin-orbit coupling and the vertical asymmetry inherent to FM/NM stacks, the materials commonly used for SOTs are also suitable for the generation and detection of thermoelectric effects. This may lead to novel strategies to develop functional thermoelectric devices, provided that SOT and thermoelectric phenomena can be correctly identified and measured. In principle, the detection of both SOT and thermoelectric effects is possible within an all-electrical scheme based on harmonic Hall voltage measurements. 4 This is a widely employed method to characterize SOTs in FM/NM heterostructures, which is based on measuring the second harmonic changes of the Hall voltage induced by oscillations of the magnetization due to the injection of an ac current. 4, 5, [10] [11] [12] 20, 21 Thus far, thermally driven effects in SOT measurements have been reported to be small 4, 12 or neglected, while a consistent model and quantitative separation of the SOT and thermoelectric voltage signals has not been attempted. However, the injection of relatively high current densities into ultrathin structures unavoidably causes Joule heating, 22 which can create temperature gradients and consequently generate charge imbalances due to the ANE and SSE. Therefore, SOTs and thermoelectric effects should not be treated independently of each other.
This has two implications: First, the signals generated by these effects can add up and lead to ambiguous results for individual measurements of either SOT or thermoelectric properties. Second, current-induced SOTs and thermally-driven spin and charge currents can be intentionally combined to create novel thermoelectric torques.
23
Motivated by these considerations, we present here a combined study of current driven thermoelectric and SOT effects in different FM/NM bilayers, where FM = Co and NM is either a light metal (LM = Ti, Cu) or a heavy metal (HM = Pt, Ta). The LM and HM pairs are chosen so as to have one element with a much higher resistivity than Co (Ti, Ta Fig. 1 (a) ], and a separation of 5d (not shown on the figure) between two Hall cross regions. The definition of the angles and coordinate system used throughout the paper is given in Fig. 1 (a) . For the transverse measurements, the samples were mounted on a motorized stage allowing for in-plane rotation of the angle ϕ and placed in an electromagnet producing fields up to 2 T. All measurements were performed at room temperature with an ac current modulated at f = 10 Hz.
B. Harmonic transverse resistance measurements
It is now established both theoretically and experimentally that an in-plane current flowing in a NM/FM heterostructure with strong spin-orbit coupling generates two qualitatively different types of SOTs: 4,5,24 a field-like (FL) torque T F L ∼ m × y, and an antidamping
, where m is the magnetization unit vector and y is the in-plane axis perpendicular to current flow direction x. When the magnetization lies in the sample plane, the action of T F L is equivalent to that of an in-plane field B F L ∼ y, and that of T AD to an out-of-plane field B AD ∼ m × y. By injection of a relatively moderate ac current I = I 0 sin(ωt), these fields induce periodic oscillations of the magnetization about its equilibrium position, which is defined by the external, anisotropy, and demagnetizing fields [ Fig. 1 (b-c) ]. Therefore, the Hall resistance R H (t) oscillates at a frequency ω and the Hall voltage V H (t) = R H (t)I 0 sin(ωt) has a second harmonic component that relates directly to the current-induced fields. 20 By defining first and second harmonic Hall resistances, R Simulations of the (e) first harmonic and (f-h) second harmonic transverse resistance corresponding to (f) field-like torque, (g) antidamping torque, and (h) ANE due to an ac current.
resistance (R AHE ), also the planar Hall resistance (R P HE ) and thermoelectric signals must be taken into account to properly model first and second order effects. 4 Here, we consider Joule heating by the injected current as the sole source of a thermal gradient and assume ∇T ∝ I 2 R s , where R s is the sample resistance. For an ac current we thus have
This relationship implies that the transverse resistance (R xy (t)) contains zeroth and second harmonic terms that are proportional to temperature gradients in the sample additional to R H . In metallic FM the most significant thermoelectric voltage driven by a temperature gradient is due to the ANE, which produces an electric field E AN E = −α∇T × m, where α is the ANE coefficient. As illustrated in Fig. 1 (d The first and second harmonic expressions for the transverse resistance can finally be written as
where θ and ϕ are the polar and azimuthal angles of the magnetization vector, respectively, and B I = B F L +B AD +B Oe represents the sum of the current-induced fields, including the Oersted term, which is assumed to be linearly proportional to the current. Harmonic transverse resistance measurements of SOTs are usually performed as a function of the external magnetic field (B ext ) by varying the field magnitude and keeping its direction fixed (field scans). 4, 5, [10] [11] [12] 20, 21 For the purpose of this work, however, it is more convenient to consider the case in which B ext is kept constant and its direction changed (angle scans), which we treat in Appendix A for the general situation where B ext and m point towards arbitrary directions. If B ext is applied in-plane and the samples have isotropic in-plane (easy-plane)
anisotropy (θ = π/2), Eq. 3 simplifies to
where the AD, FL (including Oersted field), and thermal contributions to the second har-
F L , and R 2ω ∇T , appear as separate terms. We note that R ω xy depends in general on the external field as well as on the effective anisotropy field present in the sample, including the demagnetizing field, as discussed in Sect. II D in more detail.
By carrying out the derivatives of R ω xy in Eq. 4, we obtain
Thus R 2ω AD and R • and 360
• . The magnetization is assumed to be uniform while the transverse voltage is calculated using standard expressions for the AHE, PHE, and ANE. The simulations are repeated for positive and negative dc currents for which the half of the difference and the average of these two signals correspond to the equilibrium (current independent) and current induced signals, respectively. This is equivalent to Fourier-transformed first and second harmonic signals in an ac current injection measurements. Note that, relative to the simulations and depending on the system under study, the direction and amplitude of the torques and ANE can change sign in the experiment. The first harmonic signal consists of only the PHE resistance and is proportional to sin(2ϕ), in agreement with Eq. 2 when θ = 90
• . The second harmonic signal shows rather distinct features. As discussed above, B AD and the ANE are both proportional to cos ϕ and induce the same angular dependence of R Thus the SOT contribution tends to vanish as B ext is large enough to force the magnetization to align rigidly along the field direction, that is, when the susceptibility of the magnetization to an applied field goes to zero. The ANE and SSE, on the other hand, depend only on the magnetization direction and are independent of the external field amplitude (provided that the magnetization is saturated). In order to exploit this difference, we notice that the FL and AD terms in Eq. 4 are proportional to the inverse of the external field times the derivative of R ω xy with respect to, respectively, ϕ and θ. Since we assume negligible in-plane anisotropy and the magnetization is saturated in-plane the PHE is independent of B ext and
F L will be inversely proportional to B ext (Eq. 4) and B F L independent of B ext (Eq. 8). On the other hand, the derivative of R ω xy with respect to θ near θ = 90
• depends on the AHE and therefore on the out-of-plane tilt of the magnetization.
During the measurement of M s is the saturation magnetization and K is the uniaxial anisotropy constant. We note that, although the magnetization lies in-plane in the absence of an external field, there can be a perpendicular anisotropy field due to interface contributions whose action is opposed to that of the demagnetizing field. This will effectively reduce the field required to saturate the magnetization out of plane, which by definition is (B dem − B ani ). As a result, we have
. Summarizing these considerations, we find the following qualitative relationships between the second harmonic transverse resistance components and the static fields acting on magnetization:
These relationships, which have been additionally validated by macrospin simulations, indicate an effective way of separating the transverse resistance contributions due to dynamic (SOT) and static (thermal) effects. Accordingly, the AD and FL components of the currentinduced field can then be calculated as:
III. RESULTS
A. Thermoelectric effects in FM/LM layers
In order to verify our hypothesis on the generation and detection of thermal effects, we have performed transverse resistance measurements on Ti/Co and Cu/Co layers, as well as on the reference Co and inverted Co/Cu layers. These LM were specifically chosen so as to minimize any spin-orbit coupling effect and to compare the role played by the resistivity and position of the LM relative to the FM layer. The resistivity is expected to be at least one order of magnitude higher in Ti with respect to Cu considering their bulk values, while the resistivity of Co is in between the two. We have injected an ac current of 4 mA (Co), Fig. 1 (g-h) . The cosine fit (solid lines) matches accurately the Co data, whereas a slight deviation is observed for the Ti/Co bilayer. In Cu/Co, on the other hand, the signal with cos ϕ symmetry is absent but there is a clear signal with B F L symmetry (cos 3ϕ + cos ϕ), as shown by Eqs. 4 and 15 as well as by the simulations in Fig. 1 (f) . These signals are unaffected by the external field within an accuracy of 5%, confirming that the AD-SOT is negligible in these samples and that the cos ϕ contributions originates from the ANE. This is not surprising since in a single Co layer there is no known mechanism that can give rise to SOT, and Ti is a LM with weak spin-orbit coupling. The signal with FL symmetry is shown in Fig. 3 (b) as a function of the inverse of the external field. The data are proportional to 1/B ext , as expected from Eq. 6, and converge to zero as 1/B ext → 0.
This further confirms the Oersted field origin of the FL signal.
To establish the sign of the temperature gradient in the Co reference layer, we consider the equivalent action of a dc current injected along ±x. According to Fig. 2 (b) , when the magnetization is along +x we measure a positive second harmonic signal, meaning that for positive (negative) current direction E AN E increases (decreases) the Hall voltage. This indicates that, in our measurement geometry, E AN E points along -y for a positive current.
As a result, by taking the ANE coefficient α to be positive and considering m pointing towards +x, we find the temperature gradient to be along +z direction, consistently with In order to explain this discrepancy we must consider the current distribution inside the bilayer, where the current preferably flows through the more conductive layer, together with the asymmetric heat dissipation towards the air and substrate side of the samples. If we consider a simple model where each layer is represented by an individual resistance (R N M , R F M ), the current flow will be inversely proportional to the resistance since
However, as Joule heating scales with the inverse of the resistance, the less resistive layer will heat more than the more resistive one. This leads to a positive (negative) thermal gradient if the less (more) resistive layer is placed on top, viceversa if it is placed on the bottom. Adding the effect of heat dissipation to such a model leads to an enhancement (decrease) of the thermal gradient when the less resistive layer is placed on top (bottom), because the thermal conductivity of air is much smaller compared to that of the substrate. 
B. SOT and thermoelectric effects in FM/HM layers
We consider now Pt/Co and Ta/Co bilayers where spin-orbit coupling is strong. Figure 4 (a) and (b) show R ω xy of Pt/Co and Ta/Co, respectively, measured by rotating the sample in the xy plane in a fixed external field of 162 mT (black open circles). Fits to the data according to Eq. 2 for θ = 90
• are shown as solid curves. We note that R ω xy measured at higher field does not change, whereas R ω xy decreases when B ext ≤ 100 mT due to the unsaturated magnetization. R 2ω xy , on the other hand, has a significant field dependence in both bilayers, as shown in the top panels of Fig. 4 (c) and (d) . At relatively low field (162 mT), where we expect a higher susceptibility of the magnetization to the SOTs, R 2ω xy has a complex behaviour as a function of ϕ, whereas at relatively high field (504 mT) R Fig. 5 (a) and (b) ]. We do not choose a lower external field value for the normalization since the magnetization must be completely saturated in both samples.
We observe that R 2ω AD + R 2ω ∇T decreases very fast with increasing B ext in Pt/Co, slower in Ta/Co, and slowest in the reference Co layer. The signal for Co is solely due to the ANE and serves for comparison. We attribute the difference between Pt/Co and Ta/Co to the existence of a significant thermoelectric effect in Ta/Co, which produces a constant R 2ω ∇T term that offsets the field dependence of the AD-SOT term. Contrary to the cosine-type Linear fits to the data reveal that Ta/Co has a constant offset of 1.22 mΩ, which we associate to thermoelectric effects, whereas the Pt/Co data converge to zero at high field. The data from the Co reference layer are nearly constant and converge to 0.2 mΩ in the high field limit. This analysis confirms that there is a significant thermoelectric effect in Ta/Co that adds to the AD-SOT second harmonic signal, which is not found for Pt/Co. To separate thermal and AD-SOT effects, we take R 2ω ∇T equal to the y-axis intercept of the linear fit in Fig. 5 (c) . We thus obtain E 2ω ∇T = 1.06 V/m, a value higher than the one found for Ti/Co (E 2ω ∇T = 0.68 V/m). As the resistivity of the Ta/Co sample (142.9 µΩcm) is about 20% lower compared to Ti/Co (176.5 µΩcm), we would expect a smaller thermal gradient for Ta/Co and thus a reduced ANE relative to Ti/Co. However, the presence of the HM interface may effectively alter the ANE coefficient in FM/HM layers, enhancing it in Ta/Co relative to Ti/Co.
In order to shed light on the absence of the ANE signal in Pt(6nm)/Co(2.5nm) bilayers we have performed experiments with thinner Pt layers, namely Pt(1-3nm)/Co(2.5nm). As the Pt resistivity increases with decreasing thickness, the current distribution within the Pt/Co bilayer changes. We have observed that the resistivity of Pt/Co increased from 40.3 up to 66.4 µΩcm while decreasing the Pt thickness from 6 to 1 nm. A nonzero thermoelectric signal in agreement with the sign of the ANE was observed as the Pt thickness was ≤ 2 nm.
We have found E In the FM/HM layers, a vertical temperature gradient can give rise to the SSE in addition to the ANE, leading to an enhanced or decreased R 2ω ∇T depending on the relative sign of the two effects. In order to verify this point we have performed harmonic Hall measurements on Pt(6nm)/yttrium iron garnet(50nm) samples grown on gadolinium gallium garnet by pulsed laser deposition and sputtering, respectively. Our measurements are the AC equivalent of the ones reported in Ref. 30 . The SSE manifests itself in the second harmonic signal in the same way as the ANE. By properly taking into account the position of the HM with respect The current density is j = 10 7 A/cm 2 in both samples. The hatched gray area encloses unreliable data due to incomplete saturation of the magnetization. The shaded green area in (b) shows the range of the Oersted field in Ta/Co, depending on the current distribution within the bilayer.
to the FM layer and the sign of the spin Hall angle in each system, we find that the SSE, if present, should have the same sign in Pt/Co, and opposite sign in Ta/Co, with respect to the ANE signal. This indicates that neither the signal enhancement in Ta/Co nor the reduction in Pt/Co with respect to expectations can be explained by the action of the SSE.
SOT in FM/HM layers
To find the second harmonic signal solely due to the AD-SOT, we subtract R terms thus allows us to determine the SOT fields using Eqs. 7 and 8. The derivative dR ω H dϕ appearing in Eq. 8 is readily calculated from the curves shown in Fig. 5 (a,b) . The derivative dR ω H dθ appearing in Eq. 7, however, is not accessible by angular scans in the xy plane. We thus performed additional measurements of R ω xy while rotating the external field between θ = 80
• and 100
• , repeating the measurement at each external field value and computed the derivative accordingly. The SOT fields of Pt/Co and Ta/Co are plotted in Fig. 6 (a) The thermoelectric contribution to the SOT measurements performed on perpendicular Ta(3nm)/CoFeB(0.9nm)/MgO was found to be less than 5%, 12 which is much smaller than that of the thicker Ta(6nm)/Co(2.5nm) bilayer studied here. This is due to two factors:
first, for the same current density, the effect of the torque scales inversely with the thickness of the FM layer. Second, the ac susceptibility of the magnetization during a field sweep is larger in perpendicularly magnetized samples since external field, usually applied in-plane, pulls the magnetization away from the easy axis. Thus, the second harmonic SOT signal in the thin layers with out-of-plane easy axis is much larger than in relatively thick layers with in-plane magnetization. Accordingly, for j = 10 7 A/cm 2 , we have reported R 
IV. CONCLUSIONS
In summary, we have presented a consistent method to separate SOT and thermoelectric effect measurements based on the harmonic analysis of the transverse resistance.
The second harmonic transverse resistance R In light of these results, we have studied Ta/Co and Pt/Co bilayers with large spin-orbit coupling. We found that the AD SOT is strong in both systems and comparable to that 
V. APPENDIX A: HARMONIC ANALYSIS OF THE TRANSVERSE VOLTAGE
We perform here the harmonic analysis of the transverse voltage V xy (t) = R xy (t)I 0 sin(ωt), where I 0 sin(ωt) is the injected current and R xy (t) the transverse resistance, which takes into account also transverse thermoelectric effects. To separate the dependence on static and dynamic parameters, we write the transverse resistance as R xy (t) = R xy (B 0 + B I (t)), where B 0 represents the sum of the external and effective anisotropy fields and B I = B F L + B AD + B Oe the sum of the current-induced fields including the Oersted term. In the limit of small oscillations of the magnetization, R xy (t) can be expanded to first order as R xy (t) ≈ R xy (B 0 ) + dR xy dB I · B I sin(ωt) ,
where B I is the field produced by a current of amplitude I 0 and we assume a linear relationship between field and current. Inserting Eq. 9 into the expression for the transverse 
where(θ, ϕ) are the polar and azimuthal angles of the magnetization vector, respectively, as defined in Fig. 1 (a) . To proceed further, the scalar products in Eq. 12 must be carried out 
The dependence of the magnetization angles on the current-induced field can be replaced by the dependence on the external field by substituting dB (θ B , ϕ) . Further, the derivatives with respect to the field that appear in Eqs. 13 must be carried out with respect to the variable that is changed in the experiment. In previous work on SOTs we performed the harmonic transverse resistance analysis for field scans, in which the amplitude of B ext changes while its direction is fixed. 
